Introduction
The clinical presentation and outcome of Langerhans cell histiocytosis (LCH) is extremely variable, ranging from a single isolated, spontaneously remitting bone lesion to multisystem disease with life-threatening organ dysfunction. Since the early 1990s, cooperative international approaches to this rare disease have been organized under the aegis of the Histiocyte Society. [1] [2] [3] These trials showed that the use of vinblastine (VBL) plus a steroid is effective in the majority of patients with multisystem LCH. The studies also identified many prognostic factors and gave us a better understanding of the natural history of the disease. Single system and multisystem LCH are distinguished according to the number of involved organs. In patients with multisystem LCH, those with spleen, liver, and hematologic dysfunction are considered to have "risk organs" because the involvement of such organs may confer a life-threatening prognosis. 4 In addition to extension of the disease, the short-term response after an initial course of VBL and a steroid is a very powerful prognostic factor. Several studies have reported that poor response to the initial standard chemotherapy defines a small group of patients with a ,30% survival rate 2 years after diagnosis. 1, 5, 6 Poor response is defined by progression in risk organs and by resistance or failure if the patient presents a risk organ which remains unresponsive to the therapy. Such patients comprise the majority of early deaths. 6, 7 A pilot study of 10 patients showed that the combination of cladribine and cytosine-arabinoside (cytarabine [Ara-C]) 8 was promising as salvage therapy for refractory, risk-organ-positive LCH. The present study reports the results of a phase 2 study (LCH-S-2005) that included 27 patients and 5-year median follow-up.
Patients and methods

Inclusion and exclusion criteria
All patients included in this study had a definitive pathological diagnosis of LCH with involvement of at least 1 risk organ and had failed standard therapy. Failure of initial therapy was characterized by disease progression in 1 or more risk organs, except for isolated lung involvement, after at least 6 weekly doses of VBL and 28 days of prednisolone at a minimum dose of 40 mg/m 2 , with or without the addition of a third drug. The patient was considered resistant to the therapy if there was no improvement in one or more risk organs, except for isolated lung involvement, after the initial therapy.
Failure can be observed at the onset of the disease or during the course of the disease in a patient who initially responds and then experiences reactivation in one or more risk organ(s) defined elsewhere. 4 The exclusion criteria were isolated sclerosing cholangitis without evidence of active LCH, isolated lung involvement at any age, or lung disease as the only risk organ involvement.
Ethics and regulatory approval
The study protocol was approved by the ethics committee (Comité Consultatif pour les Personnes Soumisà une Recherche Biomédicale) at the Centre Hospitalier Universitaire (CHU) de Montpellier, France on July 15, 2004 , and amended protocols were approved on November 8, 2005 and on January 10, 2006. The protocol was later approved in the Netherlands, Italy, Sweden, and Denmark according to their national regulations. Because all patients were under the legal age of consent, their legal guardians signed a consent form that was approved by the research ethics board. In The Netherlands, the treatment was considered standard of care by the LCH Protocol Committee of the Dutch Childhood Oncology Group (DCOG) after the publication of the pilot study. 8 According to national regulations, the protocol was therefore not considered a phase 2 study. For all patients, approval was obtained for the transfer of treatment data.
Intervention
The initial 2 courses consisted of cladribine/Ara-C. Ara-C was administered at a dose of 500 mg/m 2 twice daily for 5 days as a 2-hour IV infusion. For newborns and children up to 3 months old, the dose of Ara-C was 33 mg/kg per day. Cladribine was started the second day of the Ara-C course and was administered at a dose of 9 mg/m 2 per day daily for 5 days as a 2-hour IV infusion. Cladribine and Ara-C should not be administrated in the same time. For children who weighed ,10 kg, the dose of cladribine was 0.3 mg/kg per day. The second course was started the fifth week after therapy initiation regardless of hematologic values in the absence of life-threatening infections or any other adverse events. The response was evaluated 5 to 6 weeks after the second cycle (ie, weeks 9-10 after the start of the first cycle unless delayed). In case of poor response after 2 courses, a third course was recommended. In case of poor response after a third course, the treating physician was allowed to decide whether to start a fourth course or even more courses. As soon as a good response was observed, patients changed to maintenance therapy, which consisted of 2 courses of cladribine 5 mg/m 2 per day for 3 days IV, followed by VBL 6 mg/m 2 every 2 weeks for 6 months combined with prednisolone 40 mg/m 2 per day orally for 5 days every second week, 6-mercaptopurine (6MP) 50 mg/m 2 orally daily, and methotrexate (MTX) 20 mg/m 2 orally weekly. Oral 6MP and MTX were continued for 12 additional months. The overall scheme of the protocol is presented in Figure 1 . 
Statistical analysis
This open-label, prospective, nonrandomized, phase 2 study was organized following a 2-step Simon plan. 9 The primary end point was the overall response rate (ORR) after 2 courses of therapy, evaluated 9 to 10 weeks after initiation of the first therapeutic course. The ORR was considered favorable if the patient's status was "active disease, better" or "nonactive disease" based on the standard criteria for response in risk organs used in previous LCH clinical trials (nonactive disease, or active disease, better/stable/worse) 1, 2 (see supplemental Tables 1-2, available on the Blood Web site). In the literature, the best ORR of historical controls for this patient group was ;25%. 5, 6 Therefore, an ORR of ,25% was considered unacceptable and an ORR of 50% was considered a positive response to the protocol. The a error rate (accepting poor treatment) was 0.09, and the b error rate (rejecting a promising treatment) was 0.08. A total of 13 patients were planned for the first Simon step; 17 were planned for the second step. Secondary end points were the number of courses of cladribine/Ara-C, the time to achieve nonactive disease, the type of subsequent and/or maintenance therapy used, early and late toxicity, early and late morbidity and mortality, and the applicability of the disease activity score (supplemental Table 3) 10 at diagnosis and during the course of the disease to evaluate disease activity. An intent-to-treat analysis was performed.
Results
Demographic data
Twenty-seven patients (20 male, 7 female) from 6 countries were enrolled between April 2005 and November 2010. The median age at diagnosis was 0.73 years (range, 0.1-3.3 years). At diagnosis, patients were classified as multisystem risk-organ-positive (n 5 19), multisystem risk-organ-negative (n 5 4), or as single system (always skin disease) that progressed to multisystem risk-organ disease (n 5 4). Patients were included at the time of the first occurrence of the disease (n 5 17) or during reactivation of the disease (n 5 10). At the start of the study, all patients fulfilled the study criteria by having multisystem risk-organ-positive LCH that was refractory to at least 1 course of VBL and a steroid. Only 2 patients had no hematologic dysfunction at inclusion; both had spleen and liver involvement in addition to systemic symptoms and bone and lymph node involvement. At the start of the protocol, the median disease activity score (DAS) that was evaluable in all patients was 12. The median time between initial diagnosis and the start of the protocol was 0.37 years; this interval was shorter in cases of primary failure (0.3 years) than in cases of secondary failure (1 year). Initial therapy consisted of induction therapy with VBL and steroids in all 27 cases (1 course in 18, 2 courses in 9), and 1 patient also received cladribine monotherapy (cumulative dose, 145 mg/m 2 ) before inclusion in the protocol. The median follow-up of the 23 survivors was 5.37 years (range 3 to 9.3 years). Detailed information about the patients' status prior to study inclusion is summarized in Table 1 .
Therapy
All patients received at least 2 courses of cladribine/Ara-C. One case (UPN 0057) experienced a significant change to the protocol: the first course consisted of 3 days of therapy instead of 5 days. The total number of courses was 2 in 10 patients, 3 in 12 patients, 4 in 3 patients, and 5 in 2 patients. Maintenance therapy followed the protocol in 17 cases, and the median cumulative dose of cladribine was 198 mg/m 2 , ranging from 90 mg/m 2 to 380 mg/m 2 . Changes were made in the maintenance plan in the case of reactivation before the end of maintenance therapy in 5 cases and because of physician choice in 2 cases. The maintenance plan was not evaluated in 2 For personal use only. on April 14, 2017. by guest www.bloodjournal.org From patients who died before maintenance therapy. For 1 patient (UPN 6883), the family declined any maintenance therapy after 2 courses of induction therapy. Detailed information about the therapy received by each patient, as well as outcome events, is provided in Table 2 .
Primary end point: response after 2 courses
After 2 courses of therapy, 2 patients were evaluated as having "nonactive disease," 2 as having "active disease, stable," and 23 as having "active disease, better." The ORR was 92%. The median DAS decreased from 12 (range, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] at the start of therapy to 3 (range, 0-18; Wilcoxon test for matched pairs, P , .0001; Figure 2 ) 28 to 35 days after the completion of 2 courses.
Secondary end point: time to achieve complete remission Twenty-three patients (85%) achieved nonactive disease status. For the 21 patients with sufficient information, nonactive disease status was achieved after a median delay of 128 days (range, 52-1971 days). Four patients did not achieve nonactive disease status. One patient could not be assessed due to a lethal viral infection on day 21 of course 3. In 1 patient, persistent pancytopenia and fever were interpreted as a diseaserelated event; this patient died after 5 courses of cladribine/Ara-C. Despite a clear decrease in disease activity, the condition of 2 other patients was never considered fully controlled.
Disease activity score
The DAS (supplemental Table 3 ) was applicable to all cases and appeared more accurate (both for describing disease status and for monitoring the outcome) than the Histiocyte Society classification, which splits the response into nonactive disease/active disease-better or -stable or -worse. The initial responses to the first 2 courses are shown in Figure 2 .
Reactivation
Reactivation of the disease was observed in 6 cases with a median delay of 0.9 years. In 2 cases, the reactivation was limited to the skin, and conventional therapy with 6MP and/or VBL was efficiently resumed or prolonged. In 4 cases, the reactivation involved risk organs. One such case (UPN 7092) was treated with cladribine alone, and the patient died soon after the initiation of therapy; 3 cases were treated with cladribine/Ara-C, and disease control achieved in these cases. Of the 3 cladribine/Ara-C-treated cases, 1 patient (UPN 7255) achieved complete remission with maintenance therapy without reactivation. The other 2 patients underwent genoidentical hematopoietic stem cell transplantation (HSCT) with a reduced-intensity conditioning regimen with fludarabine. One HSCT patient (UPN 7202) died of pneumonia 12 days after the transplant. The other (UPN 7220) experienced reactivation after transplantation but achieved disease control without additional therapy and has been disease-free and treatment-free for 5 years.
Five-year survival and causes of death
The 5-year survival rate was 85% (95% confidence interval [CI], 65.2%-94.2%) ( Figure 3A) . Four fatalities were observed at a median of 0.74 years (range, 0.21-1.6 years) after starting therapy. The cause of death was considered therapy-related in 2 cases: 1 after an invasive varicella zoster virus infection and 1 in the context of prolonged pancytopenia 9 months (5 therapeutic courses) after therapy was initiated. An autopsy of the latter failed to find any LCH, and the death was attributed to chemotherapy-induced pancytopenia complicated by an unknown viral infection. Two deaths were considered consequent to a lack of therapeutic efficacy: 1 patient died of pneumonitis 12 days after a transplant (which was administered in response to a severe reactivation), and the second died of severe risk-organ dysfunction soon after reactivation.
Toxicity
The principal acute toxicity was hematologic: all patients experienced profound pancytopenia (World Health Organization [WHO] grade 4) complicated by fever (.38°C). For the first course of therapy, the median duration of recovery to an absolute neutrophil count (ANC) of .500/mL was 23 days (range, 13-62 days). All patients received transfusions of packed red cells (median number of transfusions, 5.5; range, 1-17) and platelets (median number of transfusions, 6; range, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Five patients (18%) presented with WHO grade 3-4 enteritis with massive diarrhea. Documented septicemia was observed in 3 patients (11%); 3 patients (11%) were considered to have invasive pulmonary aspergillosis; and myalgia was observed in 1 patient in addition to tubulopathy. Five patients (18%) were admitted to the intensive care unit during the first 2 therapeutic courses. The median duration of the initial hospitalization (measured from the beginning of course 1 until discharge) was 65 days (range, 48-1098 days).
Sequelae
Six of the 23 surviving patients experienced sequelae to the disease that were not influenced by therapy. One patient with initial severe liver involvement later experienced severe sclerosing cholangitis complicated by liver failure and underwent a successful liver transplant 3 years and 8 months after the completion of therapy. Two patients presented with endocrinopathy: 1 with diabetes insipidus and 1 with hypothyroidism. One patient developed unilateral deafness, and 1 patient developed mandibular abnormalities related to initial bone destruction. Finally, 1 patient presented with a developmental delay.
Discussion
During the last 30 years, reports have indicated that several new drugs and procedures are useful as salvage treatment in LCH patients. For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From However, all of these drugs have had limited impact on the survival of patients with risk-organ-positive disease that is refractory to standard therapy. These include many chemotherapeutic agents, as well as cyclosporine A, 11 interferon a, 12 and anti-tumor necrosis factor a (TNF a).
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Although HSCT is effective in refractory patients, its utility is limited by the rapid progression of disease and, notably, high treatment-related mortality in these very ill young patients. 14, 15 As a single agent, cladribine is effective in refractory LCH, albeit mainly in the absence of risk-organ involvement. 16 Indeed, the LCH S 98 protocol included 83 refractory LCH cases. Among the 46 risk-organ-positive cases, the ORR did not exceed 22%, and the overall survival rate was 48%. 16 Two small, retrospective studies that included 17 patients appeared to show that clofarabine is a very effective drug in refractory histiocytosis 17, 18 ; however, these studies encompassed various clinical situations, such as multifocal bone lesions and isolated lung involvement. Furthermore, these studies included only 7 patients with risk-organ lesions refractory to first-line therapy, 2 of whom died and 1 of whom later achieved disease control through cladribine/Ara-C treatment. The efficacy of clofarabine, another purine analog that is chemically closely related to cladribine, remains to be demonstrated in a prospective study of riskorgan refractory patients.
Our stringent eligibility criteria meant that we only treated patients with severe LCH, which historically has been characterized by a longterm survival rate of only 20% to 30%. 1, 5, 6 Compared with previously published results in this restricted group of patients, the ORR and the survival rate for treatment with the combination of cladribine/Ara-C was significantly improved, with an ORR of 92% and a long-term (.5 years) overall survival of 85%. This phase 2 study thus demonstrated that cladribine/Ara-C is effective therapy for the highest-risk LCH patients, that is, those with refractory hematologic dysfunction. It confirmed the overall results of the pilot study of 10 patients, 8 which reported a survival rate of 70%. There are very few studies of the efficacy of this therapeutic schedule, and only about 15 cases have been reported. A literature review identified only one case report in the United States, 19 one survey of 5 cases without risk organs, 19 ,20 a small survey from China (written in Chinese), 21 and a retrospective survey of 9 cases in Argentina. 22 An important finding in this study involves the DAS (supplemental Table 3 ). Due to the varied clinical manifestations of LCH, a comprehensive LCH activity scoring system was used to determine the initial severity of the disease and to objectively assess the efficacy of therapy. 10 This study demonstrated that the DAS can be measured easily in a multinational setting. Adoption of a unified scoring system (such as the DAS) offers a more reliable way to compare the results of different anti-LCH therapies and may be a way to reliably apply the Histiocyte Society criteria (supplemental Tables 1-2) , which are not defined precisely and which may lack precision. 10 Indeed, the severity of the disease was not accurately described by the status active disease-worse or active diseasestable. For example, any disease progression (even minor progression) resulted in active disease-worse, whereas a very severely ill patient could remain "stable" with more severe disease than a patient with the status of active disease-worse. It may also help to define the concept of disease progression as an increase in DAS whereas resistance of the disease corresponds to the stability of the DAS, if this score is high before any therapy.
Despite the global efficacy of the cladribine/Ara-C combination, 2 very important limitations must be emphasized. The most important is that the treatment has substantial toxicity. This toxicity was observed in the initial report, which used the cladribine Ara-C combination to treat acute myeloid leukemia (AML) patients. 23 After the first course of treatment, all patients experienced pancytopenia (median duration, 23 days). All had at least a fever, and 30% had severe infections in addition to other severe comorbidities, such as gastrointestinal toxicity. Some of the observed toxicity may be related to the extremely poor condition of these infants at the start of therapy, which is related to the disease itself. Notably, the 2 children who died in our study as a result of protocolrelated toxicity had received either pretherapeutic cladribine or more than 2 courses of cladribine/Ara-C; the cumulative doses of cladribine were 250 and 225 mg/m 2 , respectively. Because cladribine is known to cause profound lymphopenia and potentially prolonged cumulative pancytopenia, 24 we suggest that cladribine should be limited to a cumulative dose of 200 mg/m 2 and treatment limited to a maximum of 3 courses of cladribine/Ara-C. In addition, this intense level of therapy should not be used at centers that do not have very good supportive care available and should be used only at centers trained in providing AML chemotherapy regimens and/or hematopoietic transplantation.
The second limitation of this therapeutic approach is the very slow response. The median delay to achieving complete control of the disease was 125 days. An important part of the learning curve in using this therapy in LCH is that unlike leukemia patients, LCH patients who responded to therapy but who have not achieved a complete response after 2 to 3 courses may achieve a complete response with the continuation of less-toxic therapy. Accordingly, we recommend that care be taken at this time to avoid potential toxicity on the one hand but also, on the other hand, to avoid prematurely deciding that the therapy is not working and possibly discontinuing treatment that might help longer-term.
These 2 limitations suggest that new therapeutic approaches are needed to help these children. Following the discovery in 2010 of the high prevalence of somatic mutations in the B-RAF oncogene in the tumoral tissues of LCH patients, 25 the key role of such an activating mutation was confirmed using a conditional mouse model. 26 Beyond a better understanding of the pathophysiology, the identification of a B-RAF mutation in LCH and in Erdheim-Chester disease offers the possibility of using B-RAF inhibitors as targeted therapy in adults 27, 28 and also in infants 29 if a therapeutic trial demonstrates the benefit and the long-term safety of such therapy for young children. However, despite this promising perspective, the combination of cladribine/ Ara-C can currently be considered the most effective salvage therapy for high-risk LCH.
In conclusion, here we report the results of a phase 2 study of patients with high-risk, risk-organ-positive LCH that was refractory to standard therapy. This study demonstrated that cladribine/Ara-C is an efficient regimen that resulted in an ORR of 92% and an overall survival rate of 85%. Complete response was usually achieved very slowly, and all patients experience hematologic toxicity.
